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SYSTEM AND METHOD FOR THE
SEPARATION OF ANALYTES

BACKGROUND OF THE INVENTION

1. Field of the Invention Generally, the invention relates to
the field of analyte separation and protein detection, referred
to commonly as proteomics. More particularly, the invention
relates to the separation of analytes and detection of separated
proteins using microfluidics and chip-based technologies.

2. Description of the Related Art

A key step to proteomic research 1s the ability to separate,
isolate and independently detect proteins, i.e., hormones,
enzymes, antibodies, etc. or more basically, peptides,
polypeptides, amino acids and the like, within an analyte or
sample (hereafter “analyte™).

Heretofore, the most-widely used, but often most techni-
cally challenging, proteomic separation method 1s 2-dimen-
sional 1soelectric focusing (“IEF”)}—polyacrylamide gel
clectrophoresis (“PAGE”) or IEF-PAGE. IEF separates pro-
teins according to their net charge 1.e., 1soelectric point (“pI”)
in wide pH range ampholyte butlers. The polyacrylamide gel
acts as a sieve and separates analytes by Stokes’ radii, 1.e.,
molecular weight. The gel 1s stained to identily high and
moderate abundance proteins forming spots. These spots,
especially spots that change position relative to control gels,
can be cut out, the proteins extracted and characterized.
Extraction efficiency 1s on the order of 7%. Given this low
extraction efficiency, IEF-PAGE 1s an unreliable process for
protein separation.

A second approach to protein separation i1s high perfor-
mance liquid chromatography (“HPLC”). During HPLC,
mobile phase buffers under high pressure, force an approxi-
mately 1-10 ul volume of analyte through the narrow confines
of specially coated, immobile silica particles. Separations are
based on hydrophobicity e.g., “reversed phase” using, for
example, octadecal alkane [C-18] or other hydrophobic mate-
rials linked to silica with gradients of mobile phases such as
water-acetonitrile, charge 1.e., relative binding to strong cat-
ionic or anionic charged groups attached to silica, and size
1.€., size exclusion chromatography. HPLC 1s expensive, slow
and 1nefficient, requiring relatively large sample and solvent
amounts.

Yet a third separation technique, capillary electrophoresis
(“CE”), separates nanoliter (*“nl”) amounts of analytes
according to their mass/charge (“m/z”) ratios. A strong elec-
trical potential difference pulls the analyte through an
ampholyte zwitterion bulfer 1n a long (e.g., 30 cm) capillary
tube. While this technique 1s excellent for separation of less
than 100 peptides, the ampholytes can interfere with detec-
tion processes such as ultra-violet (“UV”’) absorbance and
mass spectrometry-mass spectrometry (“MS-MS”) analysis.

Further, several mimmiaturized ampholyte-iree modifica-
tions of CE have been developed including capillary 1soelec-
tric focusing (“CIEF”’) where the analytes, but not the builfer,
are mobilized and separated according to pl and base stacking
within the capillary tube, where NaOH or another suitable
base 1s loaded after the sample. The electrical potential dif-
terence pulls the NaOH and any charged proteins towards the
opposite end of the capillary tube. A pH gradient forms as the
migrating NaOH 1s diluted. Individual proteins become
immobilized in a narrow band at the point where they have a
net neutral charge. UV-Visible (“UV-Vis™) and photodiode
array (“PDA”) absorbance detectors can continuously moni-
tor the separation and optimize molecular resolution, 1.e.,
separation, to 0.002 pl units. Capillary tubes can be packed
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2

with gels or other column support materials, but these can be
difficult to manufacture in a reproducible manner.

In addition to CIEF, other separation techmques which are
variations on CE include separation based on size and charge
differences between analytes which 1s termed Capillary Zone
Electrophoresis (“CZE”) or Free Solution CE (“FSCE”),
separation of neutral compounds using surfactant which form
into micelles which is called micellar electrokinetic capillary
chromatography (“MECC”) or sometimes referred to as
(“MEKC”) and sieving of solutes through a gel network com-
monly referred to as Capillary Gel Electrophoresm (“GCE”).
Capillary electrochromatography (CEC) 1s an associated
clectrokinetic separation technique that involves applying
voltages across capillaries filled with silica gel stationary
phases. Separation selectivity in CEC 1s a combination of
both electrophoretic and chromatographic processes.

Microflmdic separations are largely based on first, the elec-
trophoretic mass transfer of the analyte and second, separa-
tion of the proteins within the analyte. The gel and
ampholytes of IEF-PAGE described above for electro-
phoretic mass transfer are eliminated in the microfluidic
microchannel and microcapillary methods. Further, reversed
phase and other organic separation methods are of limited
applicability when combined with a CE-based second sepa-
ration step unless the solvent(s) are miscible in the CE builer
(e.g. 15% methanol buffers) and further do not separate as
distinct bands, do not interfere with analyte separations or
wall interactions, have low background for the detectors and
are amenable to electrospray MS-MS. Separations that work
at large dimensions often do not work in Microsystems.

There 1s a need 1n the art for a system and method for high
throughput protein separations on a micro-scale that facili-
tates two-dimensional separation that produces protein com-
ponents that are easily detectable by recognized detector con-
figurations.

BRIEF SUMMARY OF THE INVENTION

Summary of the Problem

Available systems and methods for analyte separation and
protein detection are inetlicient, expensive and unreliable due
to the physical limitations of the current systems.

Summary of the Solution

A separation module operates to fractionate or separate an
analyte 1nto fractions according to pl, 1.¢., pl bands, utilizing
capillary 1soelectric focusing (“CIEF”) within a first micro-
channel. The fractions are stacked to form plugs, the number
of which 1s determined by a number of parallel second micro-
channels located orthogonally to the first microchannel, into
which the fractions are directed according to the buifer char-
acteristics found in each of the individual microchannels.
Within the microchannels the plugs are separated 1nto pro-
teins according to a different chemical property, 1.e., “m/z,”
utilizing capillary electrophoresis (“CE™).

It 1s an object of the current invention to utilize microflu-
1dics, 1.e., combining silicon and polymer fabrication with the
idea of liquid transier for systems applications, 1n order to
separate analytes mto proteins and facilitate protein detec-
tion.

It 1s a further object of the current mvention to replace
current HPLC systems with a lower cost, portable, high eifi-
ciency, high throughput microfluidic system or systems that
require less sample, 1.e., less than 1 ul, and solvent volumes,
and that provide faster and more consistent protein separa-
tions.
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It 1s a further object of the current invention to utilize CIEF
to first fractionate analytes by pl 1n at least one microchannel
on a miniaturized chip platiform that allows for analyte 1ntro-
duction, separation 1nto proteins, and detection of separated
proteins.

It 1s a further object of the current invention to utilize CE to
separate the pl fractions 1n at least a one microchannel that 1s
perpendicular to the at least one CIEF microchannel accord-
ing to mass/charge for each protein on a mimaturized chip
platform that allows for analyte introduction, separation into
proteins, and detection of separated proteins.

According to a first embodiment of the present invention
there 1s described a system for separating a sample compris-
ing a module containing a first microchannel. Within the first
microchannel, the sample 1s separated into a plurality of
sub-samples using 1soelectric focusing. A plurality of second
microchannels 1s integrally connected to the first microchan-
nel on the module so that the plurality of sub-samples enters
at least one of the plurality of second microchannels. The
constituents of these sub-samples are further separated 1n
these second microchannels using electrophoresis.

According to a second embodiment of the present inven-
tion there 1s described a process for separating a sample
whereby a sample 1s mtroduced into a first microchannel
formed 1n a module. The sample constituents are separated
into a plurality of sub-samples based on the varying 1soelec-
tric points of the plurality of sub-samples. The first of the
plurality of sub-samples separated 1n the first microchannel
then enters into a first of a plurality of second parallel micro-
channels that are integrally connected to the first microchan-
nel. In the second microchannels, the first of the plurality of
sub-samples 1s separated into a plurality of protein compo-
nents according to electrophoresis.

According to a third embodiment of the present invention
there 1s described a system for separating a sample. The
system includes means for introducing a sample mto a first
microchannel formed 1n a module; means for separating the
sample 1nto a plurality of sub-samples based on the varying
1soelectric points of the plurality of sub-samples; means for
causing a first of the plurality of sub-samples to enter a first of
a plurality of second parallel microchannels integrally con-
nected to the first microchannel; means for separating the first
of the plurality of sub-samples 1into a plurality of protein
components according to electrophoresis; means for applying
opposite charges to either end of the first microchannel to
facilitate separating the sample into a plurality of sub-
samples; means for applying a first charge to the non-inter-
secting end of a third microchannel integrally connected to
the first microchannel and applying a second, opposite charge
to the non-intersecting end of the first of the plurality of
second microchannels to facilitate the first of the plurality of
sub-samples entering the first of the plurality of second
microchannels and further separating according to electro-
phoresis; means for aligning a first detector with the first
microchannel 1n order to detect the separation of the sample
into the plurality of sub-samples based on varying 1soelectric
points of the plurality of sub-samples within the first micro-
channel; means for aligning a second detector with the non-
intersecting end of the first of the plurality of second micro-
channels; and means for detecting the plurality of protein
components for the first of the plurality of sub-samples.

BRIEF DESCRIPTION OF THE FIGURES

In the Figures:

FIGS. 1(a) and 1(b) show a separation module with pho-
todetector according to an embodiment of the present mnven-
tion;

FI1G. 2 shows a microchannel according to an embodiment
of the present invention;
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FIG. 3(a)-3(¢) show two-dimensional separation steps
according to an embodiment of the present invention; and

FIG. 4 shows a method for reducing data according to an
embodiment of the present invention.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS OF THE PRESENT
INVENTION

In a preferred embodiment of the present invention, CIEF
and CE are combined on a semiconductor, e.g., silicon, chip
forming a two-dimensional separations module 100 for facili-
tating two types of analyte separation and subsequent protein
detection. Throughout the specification, the word protein will
be used to refer to the protein molecule 1itself and/or one or
more of its basic components, 1.e., peptides, polypeptides,
oligopeptides, amino acids and the like, except where specific
reference 1s made to the mndividual components. As shown in
FIG. 1{(a), a chip 105 includes a first microchannel or micro-
capillary (hereafter “microchannel”) 110 extending 1n the X
direction, having reservoirs 115, 120 at opposite ends thereof.
Intersecting with the first microchannel 110 are a plurality of
second microchannels, 125a-f extending in the Y direction,
perpendicular to the first microchannel 110. Additionally,
there 1s a third microchannel 127 also extending in the Y-di-
rection for supplying builer material to the system via reser-
voir 130. In this particular exemplary embodiment, there are
s1X Y-direction microchannels depicted 1n FIG. 1(a), but the
invention 1s not limited to six Y-direction microchannels.
Microchannels 110, 125a-f and 127 are on the order of 25 to
300 um 1n width. By way of example, FIG. 2 illustrates an
enlarged view of a single 60 um wide microchannel formed 1n
silicon. Alternatively, the chip 105 may be comprised of poly-
dimethylsiloxane (“PDMS”) or other silicone-based materi-
als and appropnate polymers. The chip 105 may be fabricated
using silicon integrated circuit (“IC”) processing equipment
for molding the base material using negative photoresist, e.g.,

epoxy-based polymer SU-8. FIG. 1(b) shows a side view of
the separation module 100 and a UV-Vis PDA detector 135

that includes an UV-Vis radiation source 133, a PDA 138 and
an output processor/monitor 140 for tracking separations of
analyte 1n the microchannels 110 and 1235a-f. The UV-Vis
source 133 and the PDA 138 are mounted on an X-Y trans-
lation stage 137 1n order to be movable over and under the

separation module 100 so as to scan all sections, 1.€., miCro-
channels, of the module 100.

Referring to FIGS. 3(a)-(¢), three exemplary, snap-shot
steps of a two-dimensional separation method according to an
embodiment of the present mvention using the separation
module 100 are shown. A predetermined amount of analyte
¢.g., 1 to 500 nanoliters, 1s mtroduced into the first micro-
channel 110 with minimal sample carryover (1.e., less than
19%) using, for example, commercially available HPLC injec-
tion valves. Inlet and outlet ports to the separation module
microchannels 110 and 1254-f may be coupled to standard
high performance capillary electrophoresis coupling adapt-
ers. This configuration facilitates analyte introduction into the
inlet port(s) of the separation module through microcapillary
tubes. The microcapillaries are 1n turn attached to analyte
sampling sources including, but not limited to, automated
sampling devices, subcutaneous microdialysis tubes, percu-
taneous sampling systems, air sampling stations, microinfu-
s1on pumps, and similar or alternative devices known to those
skilled 1n the art. The transdermal sampling device described
in U.S. patent application Ser. No. 09/866,826 filed May 30,
2001, entitled “Systems and Methods for Monitoring Health
and Delivering Drugs Transdermally™ 1s an example of an
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appropriate analyte source. The 09/866,826 application 1s
incorporated herein by reference in its entirety. Similarly, an
integral outlet adapter connects the outlet port of the separa-
tion module to microcapillaries for other types of analysis
including, but not limited to, mass spectroscopy, mass spec- 5
troscopy-mass spectroscopy, and other types of detection
based upon any form of absorptive, fluorescent, reflective or
other spectroscopy utilizing any of the range of available
wavelengths, and single molecule detectors.

After the analyte 1s introduced 1nto the separation module 10
100, reservoirs 1135 and 120, containing anolyte and catholyte
solutions, are driven by electrodes (not shown) supplying a
voltage 1n the range of approximately 1-40 kV 1n order to
tacilitate the first-dimensional CIEF separation or fraction-
ation of the analyte according to 1soelectric point (“pI”) along 15
the microchannel 110 as indicated 1n FIG. 3(a) by line-arrow
146. The potential difference resulting from the electrodes are
shown on the drawings as “+”” and “-.” Microchannel 127 and
reservolr 130 and microchannel 125a contain buffers 14354
and 1455, respectively. Additionally, the microchannels and 20
reservolrs may contain other appropriate packing matter
including gels and liquids to facilitate separation. As
described above, UV-Vis PDA 135 monitors the first dimen-
sional separation of the analyte 1n the first channel 110. The
UV-Vis PDA 1335 ascertains when sharp separations of the 25
analyte by pl have been achieved as signified by maximum
peak separation, e.g., internal standards, with no further peak
movement within the system. The analyte separates accord-
ing to pl into pl bands or fractions 150. The approximate time
for the completion of the first dimensional separation 1s 30
approximately 1 minute. This relatively short time reduces
the likelihood of local Joule heating and damage to the ana-
lyte.

Turning to FIG. 3(b), once maximum peak separation 1s
detected 1n microchannel 110 according to the development 35
ol a stable absorption pattern detected by UV-Vis PDA 135,
voltage to the electrodes (not shown) driving reservoirs 115
and 120 are removed and voltage 1s supplied to the electrode
(not shown) driving reservoir 130 and to ground at a second
analyte detector, for example, a mass spectrometer (MS), 40
located at the end of at least one of the perpendicular micro-
channels 1254-125/. By way of example, 1n FIG. 3(b), ground
1s located at the end of microchannel 1254a. The application of
this voltage between reservoir 130 and the end of microchan-
nel 125q at the point of the MS detector causes the butler 145a 45
in the reservoir 130 to begin to move into the microchannel
110 as indicated by line-arrow 147 and directs the fractions
150 1nto the microchannel 1254, causing the analyte fractions
150 to base stack within the microchannel 125a between the
base 145a from the reservoir 130 and the base 1456 from 50
within the microchannel 125q forming a plug 155. Bullers
145a and 1456 have different compositions and ionic
strengths. The base stacking relies on the difference 1n 1onic
strength between the buflers 1454 and 1435. The base stack-
ing reduces the axial distribution of plug 155 within the 55
analyte and maintains the plug and 1ts narrow pl set as the plug
clectrokinetically enters the microchannel 125a over the
course of a few seconds. The stacking of each plug 1s critical
since 1t ensures that each pl-separated protein 1s maintained
as a tight peak during CE migration through microchannels 60
125a. This reduces the likelihood of band broadening. CE
mobilities within each CIEF plug 155 vary widely so that
individual proteins can be distinctly separated without over-
lap. Finally, as shown 1n FI1G. 3(¢), after these 1nitial seconds,
the potential difference begins to exert additional effects and 65
separates the proteins within the plug 155 according to their
mass to charge ratio (“m/z”). For example, a first plug 1355

6

may contain proteins with pls in the range of 9.5 to 10. These
closely ordered pl bands are further separated in the CE
microchannel 125q according to m/z for each protein 157.

Once the CE separation of a first plug 1535 has been com-
pleted 1n microchannel 125a, the voltage between reservoir
130 and ground 1s removed and the separation module 100
and or the microdetectors, e.g., UV-Vis PDA 135 and MS-
MS, are moved using an X-Y translator in order to align the
next CE microchannel 1256 with the microdetectors. The
voltage 1s applied between reservoir 130 and ground, which 1s
now located at the end of microchannel 12356. The creation of
this electrical potential difference moves bufier 145aq from
reservoir 130 along the CIEF microchannel 110 past CE
microchannel 1254a. Builer 145a encounters a next group of
analyte fractions 150 with similar pls, e.g., 9.010 9.5, forms as
a plug 155 and pushes along the electrical gradient for sepa-
ration 1nto proteins 157 in microchannel 12556. CE separation
and detection of the plug 1n microchannel 1255 1s facilitated
as described above with reference to the CE separation 1n
microchannel 125a.

This same process 1s repeated 1n series until all the plugs
formed between CE microchannels 125a-f over the full length
of the CIEF microchannel 110 have been eluted. While the
individual plug 155 movements and CE electrophoretic sepa-
rations are underway within each CE channel 1235a-f, there 1s
no net movement of the fractions 150 that have not yet been
run. This 1s because analytes will only move down the CE
microchannels 125a-f between electrodes. While Brownian
motion may cause some peak broadening, this 1s likely to be
minimal given the short time needed to run each CE micro-
channel and the very rapid base stacking of analytes that
occurs at the mouth of each CE microchannel 125a-f when the
voltage 1s switched to ground at the end of that particular
channel.

Accordingly, in summary, the separation module 100 oper-
ates to fractionate or separate the analyte into fractions 150
according to pl, 1.e., pl bands, utilizing CIEF within micro-
channel 110. The fractions 150 are stacked to form plugs 155,
the number of which 1s determined by the number of parallel
CE microchannels, e.g., 125a-f, into which the fractions 150
are directed according to the buffer characteristics found 1n
cach of the individual CE microchannels 125a-f. Within the
microchannels 125a-f the plugs 155 are separated 1nto pro-
teins 157 according to a different chemical property, 1.e.,
“m/z.”’

More particularly, the MS used 1n the exemplary embodi-
ments described herein can be divided 1nto three fundamental
parts, namely the 1onisation source, €.g., electrospray 1onizer
(“ESI”) or matrix assisted laser desorption (MALDI); the first
analyser, €.g., quadrupole, time of tlight, magnet, F'I-ICR; the
collision chamber; the second analyzer, e.g., quadrupole,
time of flight, magnet, FI-ICR; and the detector, e.g., photo-
multiplier, microchannel plate electromultiplier. In applica-
tion to the preferred embodiment described above, the end of
the microchannel currently being run i1s aligned with the
1onization source, €.g., electrospray 1onizer (“ESI”) using, for
example, an X-Y translator. The X-Y translator and ESI are
connected using, for example, an exit-microcapillary bore
coupling device. The separated proteins 157 are 1onised
within the ESI because 1ons are easier to manipulate than
neutral molecules. An 1on from the mass spectrum 1s
extracted by the first analyzer of the mass spectrometer and
upon exiting the first analyzer 1s introduced 1nto the collision
chamber that 1s filled with a neutral gas. Collisions occur and
as a result of the shock, the 1on fragments 1n a characteristic
way, resulting 1n several other 1ons with a lower mass. The
additional 1ons generated from the single input 10n are carried
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to the second analyzer which separates them according to
their mass (m)-to-charge (z) ratios (m/z) and a mass spectrum
ol the fragmented 10ons 1s obtained via the detector. The analy-
ser and detector of the mass spectrometer, and oiften the
ionisation source too, are maintained under high vacuum to >
give the 1ons a reasonable chance of travelling from one end

of the instrument to the other without any hindrance from air
molecules.

The CE separations occurring in the CE microchannels
125a-f of the example described herein are based on the
studies 1mitiated by Helmholtz 1n the 1800°s who discovered
that an electric field passively transported solutes. This elec-
troosmotic flow (“EOF”") occurs when a bulfer 1onizes capil-
lary inner wall silanol groups (S10—) that attract a static layer
of positively-charged cationic analytes. This forms the Inner
Stern or Helmholtz layer. At a distance from this electrostatic
interaction 1s the Outer Helmholtz Phase containing well-
hydrated cations or hydration shells. Under an electric field,
these hydration shells interact with the bulk water of the
mobile phase and cause the entire builer solution 1n the
microchannels 125a-f cross-section to be pulled towards the
negative electrode located at the end of each microchannel.
This bulk flow passively carries anionic, neutral and cationic
species, but separation between them occurs because the
more positively charged 10ns migrate fastest, while negatively
charged 1ons actually move backwards. However, the forward
rate ol EOF 1s faster than this retrograde electrokinetic move-
ment, so all analytes are eventually separated and eluted from
cach of the microchannels 125a-f. EOF separations can be
standardized using a rapidly migrating frontal marker such as
Lys,TrpLys,, neutral marker (dimethyl-formamide or -sul-
foxide), and slow migrating retrograde marker (e.g., norme-
tanephrine) EOF 1s dependent on pH, buifer and wall coat-
ings. For example, nn pH 9, 20 mM borate butler, EOF 1s
about 2 mm/sec (4 nl/s mm a 50 um 1nner diameter (“1.d.”)

capillary).

In further embodiments of the present invention, the sepa-
rated proteins 157 from each of the CE microchannels 125a-f
are assayed by a series of complementary microdetectors 4,
including, but not limited to, absorption detectors, e¢.g., UV-
Vis PDA, low abundance polypeptide peak detection by dia-
mond-coated carbon film redox potential, surface enhanced
IR Raman spectroscopy (“SERS”), and MS-MS. A processor
integrates the results from these microdetectors so that a 45
library of MS-MS-defined proteins can be cross-referenced
with unique, statistically derived combinations of factors
selected from one or more of the microdetectors.

Initially, as described above, a UV-Vis PDA 1335 1s used to

detect the CIEF separation progress within microchannel 50
110. This momitoring allows for receipt of instantaneous
information about the progress of IEF separation, 1ts comple-
tion, and the time to trigger the CE dimension of the 2-dimen-
sional separation process on the separation module 100.
Depending on the UV-Vis PDA configuration, the same UV- 55
Vis PDA could be used to monitor the CE separation or,
alternatively, separate UV-Vis PDAs could be used for each
dimension. By monitoring the internal standards, 1.e., known
colored proteins, that are included in the analyte, the relative
retention times and optical density of these colored proteins 60
can be used for quality control as well as to calibrate the
sensors for quantification of unknown proteins within the
analyte. The UV-Vis PDA 135 outputs for analysis include
relative retention time and complete UV-Vis spectra for each
peak as 1t leaves the separation module 100 and enters the 65
MS-MS. The UV-Vis PDA detection results are quantified

and monitored for quality control using the continuous UV-
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Vi1s output of the CIEF microchannel 110 and post-CE efilu-
ent absorbance since each run should separate the internal
standards 1n 1dentical fashion.

In a specific example, the magnitude of the optical density
at 280 nm (“OD280”) 1s measured for the internal standards
and compared to previously established quality control limits
and standard curves so that all peaks with measurable OD280
can be quantified. Synthetic oligopeptides can be used to
calibrate, for example, CIEF. They give sharp OD280 con-
centration peaks with excellent separation between pls of
approximately 3.38 to 10.17. In our exemplary embodiments,
approximately 1 ul of internal standard 1s added per 100 ul of
analyte. Pre-stained Ultra-Low Range (1-27 kDa) and High
Range (29-205 kDa) PAGE standards (e.g., from Sigma-Al-
drich, St. Louis Mo.) are mixed and diluted 1:1000 in pH 7.4
phosphate-buifered saline (PBS) before addition to the ana-
lyte. Final concentrations are about 300 uM, and although this
concentration falls within the low abundance range, the inter-
nal standards are individually detectable by UV-Vis spectra
because they are concentrated into narrow high intensity
bands or peaks by the separation methods. Exact concentra-
tion curves of each covalently linked dye-protein complex are
determined in advance from dilution curves and UV-Vis spec-
tra. MS-MS will identify them from their nonhuman
sequences. Relative retention times for every separation step
will be calibrated by ascertaining UV-Vis PDA readings at
critical junction points during the CIEF and CE separation
times. This 1s important since salt concentrations and other
variables can alter absolute CE and other separation retention
times. Internal calibration of each separation step and detec-
tion system 1mproves quality control, quantitative and quali-
tative analysis. A substantial number of internal standards
that would not be detectable 1n the pre-separation or CIEF
separated analyte become more readily detectable because of
the compounding of the concentrating abilities of the 2-di-
mensional separation techniques.

Once CE separation has begun 1n at least one CE micro-
channel, 1.e., 1254, the effluent from microchannel 125a 1s
also detected by UV-Vis PDA 135 that scans the separation
module 100 as shown in FIG. 1(b). As described above, the
PDA 138 and associated UV-Vis source 133 are mounted on
an X-Y translation stage 137. The separation module 100 may
also be mounted on an X-Y micromanipulator translation
stage 1n order to control location with respect to the UV-Vis
PDA 135, MS-MS detector, and other microdetectors
described below. Since the UV-Vis radiation 1s scanned
through the separation module 100 before reaching the UV-
VIS PDA 135, the separation module 100 1s formed from
maternials that are transparent to the UV-Vis radiation, e.g.,
quartz chips, fused silica, plastics, and other special polymers
known to those skilled 1n the art.

In a further embodiment of the present invention, once the
cifluent containing the separated proteins 157 passes through
cach of the CE microchannels 125a-f, the effluent continues
past the UV-Vis PDA 135 and 1s drawn into the ESI of the
MS-MS detector. The 1nternal standards will also tlow 1nto
the MS-MS detector. By linking the UV-Vis PDA 135 output
with the relative retention time, m/z, and MS-MS signal
amplitude, signal intensity amplitude can be calibrated for
individual peaks. These serve as secondary measures of con-
centration for unknown proteins. This interpolation 1s espe-
cially valuable for low abundance proteins. Completion of
analyte elution 1s defined by a return to baseline output of both
the UV-Vis PDA 135 and the MS-MS detector. Time series
data for the first microchannel, e.g., 125a, CE run 1s collated
according to the internal standards.
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As referenced above, in an embodiment of the present
invention, MS-MS 1s utilized to 1dentily proteins through the
generation of mass spectrograms. Fach mass spectrogram
contains time series data for the proteins tlowing sequentially
from the CE microchannels 125a-f and multiple detector
modules through the ESI. Each MS-MS peak 1s 1dentified by
its retention time, signal intensity, and mass/charge (m/z)
rat10. The versatility of the MS-MS system 1s that once one
ion has been characterized, the processor, running MS-MS-
specific commercially available software, automatically
searches for other 1ons 1n the 1onized stream. As many as 5
“cuts” can be made at millisecond intervals, resulting in the
identification of numerous separate MS-MS peaks that would
represent low abundance proteins hidden within a single
higher abundance peak. Identification of these low abundance
proteins would have been lost in the higher abundance peak as
detected by other microdetectors. The three data points
including: normalized retention time (Rt); signal intensity,
which 1s a surrogate of concentration; and m/z, which 1s a
composite indicator of charge and mass, define the coordi-
nates for a single MS peak. Appropriate commercial, equip-
ment-specific information processing soltware generates a
printout of retention time, intensity, and m/z for all the peaks
from a given separation run. This data forms a matrix or
vector that characterizes this unique separation run and ana-
lyte. These matrices or vectors, as opposed to the protein
sequences ol every MS-MS peak, represent the data format
that 1s exported for detector or sensor fusion, described below,
and can ultimately be used for the statistical search for end-
points including, but not limited to: all the proteins in the
original sample; a select set of proteins having specific MS
peak coordinates; MS-MS derived identification of the amino
acid sequences of all the proteins in a sample; the specific MS
and/or MS-MS peaks that are common between 2 or more sets
of samples, different between 2 or more sets of samples, that
have a common source (all human proteins, all bacterial pro-
teins, or other subsets of the MS-MS database from any given
run), or specific MS and/or MS-MS peaks that are common to
a specific disease or condition. This pattern may include
peaks that are absent, decreased, increased, or induced com-
pared to a control (e.g., normal) sample. This pattern 1s often
referred to as the disease specific biosignature.

By way of specific example, 1n a particular exemplary
embodiment of the present invention, after the first analyzer
step of the MS-MS detection, 1n the second analyzer step of
the MS-MS detection, the resulting charged proteins are
turned orthogonally, fragmented into all potential contiguous
peptides and amino acids, and the m/z of each 1s determined
by time of tlight (“ToF”). This MS-MS detection configura-
tion 1s useful for sequencing short peptides. In order to obtain
more specific sequence data for intact proteins, 1n a preferred
embodiment, trypsin digests of fractionated specimens are
used to obtain protein 1dentities. Trypsin digests are run by
standardized size exclusion, 1.e., reversed phase 2-dimen-
sional HPLC. Both intact and trypsin digested MS-MS data
are entered into the electronic library for comparison to future
samples, their peaks, and potential biomarker peaks and bio-
signatures patterns. Further still, sequenced peptides may be
identified through comparison of the collected data from the
2-dimensional separation technique described herein to data
that has been collected and catalogued previously. For
example, Georgetown’s Protein Information Resource
(“PIR”) serves as an integrated public biomnformatics
resource. PIR provides many protein databases and data
analysis tools, and employs a family classification approach
to facilitate protein annotation and data integration. The PIR -
NREF (*non-redundant reference”) protein database pro-
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vides comprehensive data collected from all major protein
databases with composite protein names and bibliography
information for about 800,000 proteins. Similarly, the 1Pro-
Class (*“integrated Protein Classification™), developed to
address the database interoperability 1ssue arising from the
voluminous, heterogeneous, and distributed data, integrates
information from various source databases. 1ProClass pro-
vides a comprehensive description of proteins including clas-
sification at the superfamily, family, domain, and motiflevels,
structural and functional classifications and features, as well
as links to over 40 databases of protein families, structures,
functions, genes, genomes, literature, and taxonomy. Such
integrated data analysis 1s important in revealing functional
associations such as protein-protein interactions.

In a further embodiment of the present invention, other
microdetectors may be added 1n series with the UV-Vis PDA
135 at the end of the CE microchannels 125a-/, immediately
atthe ESI MS-MS connection. For example, a diamond redox
potential detector 1s used to electrochemically detect pro-
teins. Typical electrochemical detectors are planar solid elec-
trodes of 1nert metals with unsaturated d-orbitals, like Pt, Au,
and Ag. When an electrical potential 1s applied, the electrode
will accept or donate electrons to compounds that come in
contact with the surface. If used 1n this case, this might lead to
analyte adsorption or precipitation, fouling of the electrode
surface, 1.e., Corrosion, and ultimately a loss 1n signal, espe-
cially at high oxidation potentials. However, diamond coat-
ings use OH™ to catalyze the oxidation of polyamines at
moderate reduction-oxidation (“redox”) potentials. Conse-
quently, the amines of amino acids, peptides and proteins are
excellent candidates for diamond electrode electrochemical
detection in CE. CE has higher efficiency and lower volume
requirements than, for example, HPLC methods, so more
sensitive detection methods are required. Very low analyte
concentrations, €.g., attomoles to zeptomoles, can been
detected by fluorescence, but this requires analyte derivatiza-
tion. Instead, CE and electrochemical detection, 1.e., using a
diamond redox potential detector, are 1deally suited for each
other because they offer even greater sensitivity without
sample preparation, greater ease of miniaturization, and ana-
lyte detection at the sensor surface so that it 1s independent of
microchannel geometry. Electrochemical detection 1s better
suited to CE than HPLC since deoxygenation of the system 1s
significantly shorter for CEEC versus HPLC. In a particular
embodiment, diamond-coated carbon film electrodes are
integrated 1nto the separation module 100 for electrochemaical
detection. Shielding methods are employed to decouple the
high electric field interference that 1s generated during CE.
The diamond redox potential detector can be used to detect
and quantily catecholamines, glutamate, and other amino
acids, sugars, peptides, polypeptides, amine-containing lip-
1ds and other protein analytes as they pass the diamond redox
potential detector. The data output for further analysis will be
the electrochemical potentials and relative retention times for
all detectable signals.

In a further embodiment of the present invention, Raman
spectroscopy 1s used to detect and 1dentily analytes. Mono-
chromatic light striking a material will scatter elastically, e.g.,
with little to no energy loss, and inelastically. Part of the
inelastic scattering arises from the Raman effect, in which a
virtual excited state 1s created, which then emits a second,
lower energy photon. The difference 1n energy corresponds to
a vibrational excitation of the molecule, resulting in an emis-
s1on spectrum of peaks similar to that from infrared (“IR™)
spectroscopy. Raman spectroscopy 1s 1deal for use with aque-
ous systems, since O—H bonds of water interfere with IR
spectroscopy. Using a technique called resonance Raman,
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Raman scattering 1s enhanced by up to five orders of magni-
tude because excitation energies are near the bond electronic
transition energies. UV excitation and detection 1s used for
resonance elfects 1n proteins to decrease the generation of
signal degrading fluorescence elfects. Using surfaced
enhanced Raman spectroscopy (“SERS”), Raman scattering
and signal enhancement occurs when the analytes are near
certain metal surfaces. Since the detection limits are near the
single molecule scale, resonance Raman and SERS may be
used to detect and 1dentify protein conformations, mnterac-
tions, and specific enzymatic reaction kinetics. Near infrared
Raman spectroscopy may be used to quantily triglycerides,
glucose and albumin 1 human serum. Further, fiber optic
Raman spectroscopy can be used for protein identification,
while normal and UV resonance Raman (“UVRR”) can been
used to 1dentity eflluents from conventional liquid column
chromatography.

Raman spectroscopic measurements are the relative reten-
tion times and Raman spectra for all peaks within each ana-
lyte. This output is trained in protein recognition using the
detailed information from the MS-MS, and aids the mass
spectrometer 1n classiiying unknowns. In an alternative
embodiment, the use of Raman spectroscopy and resulting
Raman spectroscopic measurements replaces the MS com-
pletely with a trained fused sensor system. Without running,
through the 2-dimensional, CIEF and CE, separations on the
separation module 100, the concentrations of low-abundance
species 1n an analyte are beyond the detection limits of con-
ventional Raman spectrometers. After running through the
separation module 100 the analyte generates greatly
enriched, very narrow bands of proteins for detection by the
Raman detector. The Raman spectra can be taken at a fixed
point and time downstream from more sensitive sensors (€.g.
clectrochemical) and upstream from the MS-MS to ensure
that a band 1s present during spectral measurement.

In a particular embodiment of the present invention, SERS
1s utilized with the separation module 100 in order to obtain
single molecule Raman spectra. SERS relies on interactions
between proteins and a metal surface. Since the molecules
need to be stopped relative to the metal, a microchannel
bifurcation 1s inserted into the separation module. The flow-
ing effluent stream mixes with, for example, Au or Ag colloid
nanoparticles, before passing through the Raman sampling
volume for detecting the analyte interactions with the Au or
Ag.

In a further embodiment of the present mnvention, there 1s
provided a data reduction and analysis strategy for reducing,
and analyzing the analyte data generated by the multiple
detectors described above during the detection process fol-
lowing the 2-dimensional separation process. The multiple
analytical detectors, e.g., MS-MS, UV-Vis PDA, SERS, and
diamond redox potential, generate many dimensions of ana-
lyte data. For a given analyte, 1t 1s possible to measure thou-
sands of variables. Because the population size 1s smaller than
the number of variables, spurious correlations occur it the
data 1s not properly reduced.

Referring to FIG. 4, the reduction method according to this
embodiment combines knowledge-based variable selection,
factor analysis, and decision-level data fusion. A spectrum
from a given detector, ¢.g., Raman, UV, 210 1s mitially
reduced 1n si1ze by discarding peaks or bands that are known
to be physically uninformative, such as water absorption
bands 1n the UV-Vis spectrum or known contaminant peaks in
the MS-MS spectra. Next, multivariate factor analysis tech-
niques S10 are employed to reduce the dimensionality. As an
example, a Karhunen-Loeve (“KL”) transform may be
applied, also known as Principal Components Analysis, or
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PCA to a collection of spectra from an MS-MS experiment.
The KL transform 1s an orthogonal transformation matrix that
consists of the eigenvectors of the variance-covariance
matrix, and 1s used to remove linear correlations. The result of
the factor analysis S10 1s a set of transformed spectra 215
where each transform variable/factor 1s a linear combination
of all the original variables, and 1s associated with a distinct
spectral pattern. In this embodiment, only variables associ-
ated with non-zero eigenvalues are retained, resulting 1n a
turther dimensionality reduction.

Other factor analysis techniques that can be applied to this
problem include multiple regression, partial least squares,
discriminant analysis and projection pursuit. As a result of the
factor analysis step S10, the number of variables/factors 1s no
more than the number of proteins. Next, the individual vari-
ables are subject to correlation analysis S20 for possible
correlations 220. As a subset of the correlation analysis, a
second variable reduction step 1s performed by applying a
unmivariate quality measure, such as information-theoretic
entropy, to each remaining variable and discarding those with
low quality. Using MS-MS data as the reference standard, a
search 1s conducted for correlations that can ultimately be
exploited to identily proteins in the analyte. The reduced
variable set from the correlation analysis S20 for each ana-
lytical method 1s compared to the MS-MS variable set 1n a
cross-correlation matrix. Each position 1n the matrix repre-
sents the pair-wise linear correlation coetlicient. The corre-
lation coellicients follow a Wishart distribution. A likelihood
ratio test 1s applied to determine the significance level of each
correlation coetlicient S30. A protein signature library 225 1s
developed using the analytical methods as applied to the
various detector outputs and correlations that show signifi-
cance above a pre-set threshold are retained for careful “by
hand” analysis S40, using visualization and clustering tech-
niques, resulting 1n the linking of the spectral signatures to
specific sequences 230.

Clustering tools that are typically used in proteomics and
gene expression analysis include hierarchical clustering,
K-means clustering and self-organizing maps. In addition to
pair-wise linear correlations, other high-order or other non-
linear correlations can be used to link spectra. As a protein
signature library 1s developed using UV-Visible PDA, SERS,
and other analytical methods, the comparison between
unknown samples and library spectral signatures 1s possible.
This comparison can be performed using established multi-
variate distance measures, €.g. Euclidean distance, Pearson
correlation, Fisen’s un-centered correlation. The use of mul-
tiple signature databases increases the confidence level on
matches by providing independent sources of evidence.

In a further embodiment of the present invention, advanced
multi-detector molecular 1dentification 1s facilitated by com-
bining analytical data from multiple detectors at the decision
level. Decision level fusion takes as its mput binary, 1.e.,
yes/no decisions with associated confidence levels, or soft
decisions in the form of probabilities or beliefs. Decisions
about the 1dentity of a peptide from multiple instruments 1s
combined by using an appropriate combination rule such as
Bayes’, Dempster’s or fuzzy logic. Performing the data inte-
gration at the decision level allows for the overall search
strategy to be modular, so that any subset of analytical meth-
ods can be applied for a particular experiment without the
need to re-design the algorithm.

The systems and methods described herein will find use 1n
at least the technology areas of: proteomics; lab-on-chip;
biological agent detection; on-line assessments of analytes in
critically 11l patients (e.g., monitors in imntensive care units) to
give real-time concentrations of sensitive markers of myocar-
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dial infarction, bacterial, viral, fungal or other human or ani-
mal local or systemic infections, immunologic or other
injury; real-time processing or manufacturing quality control
assessments; portable and robust detectors for distant moni-
toring of air, water, or other environmental factors with radio-
linked commumnication to central momitoring {facilities;
nuclear reactor or other sites mnaccessible to human 1nspec-
tion for detection of normal, abnormal or contaminated prod-
ucts for safety and quality control; fermentation process
assessment and quality control; and any other conceivable
application where the exact constituents of a sample must be
monitored.

The embodiments described herein are intended to be
exemplary and are 1n no way intended to limit the scope of the
invention. One skilled 1n the art recognizes the varnations to
the embodiments described herein that fall within the scope of
this description.

The mvention claimed 1s:

1. A system for separating a sample comprising:

a module contaiming a first microchannel;

a first and a second reservoir located at opposite ends of the

first microchannel;

a first electrode 1n electrical contact with the first reservoir
and a second electrode 1n electrical contact with the
second reservoir; and

an 1soelectric focusing butler having a first 1onic strength,
which 1soelectric focusing buffer 1s located within the
first microchannel;

a plurality of second microchannels integrated with the
first microchannel on the module along the length of the
first microchannel at a first end of each of the plurality of
second microchannels;

an electrophoresis bufler having a second 1onic strength
different from the first ionic strength of the 1soelectric
focusing builer, which electrophoresis builer is located
within the plurality of second microchannels;

a first detector, which first detector 1s positioned to scan the
first microchannel, which first detector 1s operative to
detect 1soelectric separation of the sample within the
first microchannel; and
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a third microchannel integrated with the first microchannel
and containing a third reservoir at one end thereot, the
third reservoir being 1n electrical contact with a third
clectrode.

2. The system according to claim 1, wherein the module 1s
comprised of at least one of silicon and polydimethylsilox-
ane.

3. The system according to claim 1, wherein at least the
third reservoir contains a buifer.

4. The system according to claim 1, wherein the first detec-
tor 1s an UV-Vis photodetector array.

5. The system according to claim 1, wherein each of the
plurality of sub-samples contains at least one known compo-
nent and at least one unknown component.

6. The system according to claim 5, wherein the at least one
known component 1s an internal standard and the at least one
unknown component 1s a protein component.

7. The system according to claim 6, wherein the protein
component 1s at least one of an amino acid, a peptide, a
polypeptide or a protein.

8. The system according to claim 1, wherein each of the
plurality of sub-samples 1s further separated into a plurality of
protein components within one of the plurality of second
microchannels.

9. The system according to claim 8, wherein each of the
plurality of protein components are at least one of an amino
acid, a peptide, a polypeptide or a protein.

10. The system according to claim 9, further including at
least a second detector for detecting the plurality of protein
components 1 order to identily the composition of the
sample.

11. The system according to claim 10, wherein the second
detector 1s a mass spectrometer for producing a spectrum
indicative of each of the plurality of protein components.

12. The system according to claim 10, wherein the second
detector 1s a Raman spectrometer.

13. The system according to claim 1, wherein the first
detector 1s mounted on an X-Y translation stage.
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